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INTRODUCTION
The Earth's land surface is largely covered by terrestrial plants. Plants are an essential part of the modern global environment as they maintain atmospheric oxygen and supply energy. During evolutionary history, plant ancestor (s) colonized the terrestrial environment by adapting to the limited water conditions, and developed basal drought or desiccation tolerance mechanism(s).
Bryophytes are at the base of the evolution of terrestrial plants; therefore, they have often been compared with higher plants (Knight et al., 1995; Rensing et al., 2008; Wang et al., 2010; Hanada et al., 2011) . The mechanism of the stress response in bryophytes and angiosperms is partially conserved. For example, species in both taxa use abscisic acid (ABA) as a central regulator of stress responses (Cutler et al., 2010; Umezawa et al., 2010; Takezawa et al., 2011) . This led us to investigate whether the mechanism of ABA signaling is conserved between bryophytes and angiosperms.
Recent studies have clarified how ABA signals are transmitted in higher plants (Cutler et al., 2010; Umezawa et al., 2010) . The intracellular ABA signaling pathway consists of three core components, including the PYR/PYL/RCAR receptor, group-A type-2C protein phosphatase (PP2C) and subclass-III SNF1-related protein kinase 2 (SnRK2). In the absence of ABA, PP2C inhibits SnRK2 by direct dephosphorylation (Umezawa et al., 2009; Vlad et al., 2009 ); however, when the endogenous ABA level is elevated in response to environmental stressors or developmental cues, an ABA-bound form of PYR/PYL/RCAR interacts with PP2C in an ABA-dependent manner to inhibit phosphatase activity (Ma et al., 2009; Park et al., 2009) . As a result, SnRK2 is activated to phosphorylate various types of substrates, such as transcription factors and ion channels. Taken together, this model highlights the importance of the phosphosignaling pathways involved in the ABA response.
Phosphoproteomics is a recent emerging technology that surveys phosphoproteins in vivo. Phosphoproteomics provides information on which proteins are phosphorylated, their phosphorylation site(s) and in vivo levels of phosphorylation (Peck, 2006; Nakagami et al., 2012) . These data help to illustrate the complex network of protein phosphorylation, but also help to identify changes in specific protein phosphorylation. Recent studies have applied a phosphoproteomic approach to an Arabidopsis SnRK2-disruptant (srk2dei), and successfully detected a number of phosphopeptides with differential phosphorylation between the wild type (WT) and srk2dei (Umezawa et al., 2013; Wang et al., 2013) . In fact, some Arabidopsis SnRK2 substrates have been identified from such phosphoproteomic studies, demonstrating that a phosphoproteomic approach, particularly a mutant-oriented analysis, is useful to study the ABA signaling pathway.
Physcomitrella patens is a model bryophyte, and elicits apparent ABA responses. ABA is essential for desiccation tolerance and cold acclimation, and retards the growth of protonemata (Takezawa et al., 2011) . Such ABA responses are accompanied by drastic morphological changes and ABA-responsive gene expression (Cuming et al., 2007; Komatsu et al., 2009; Khandelwal et al., 2010; Hiss et al., 2014) . The P. patens genome encodes three core components of ABA signaling: four receptor-like proteins, two group-A PP2Cs (PpABI1A and PpABI1B) and four subclass-III SnRK2s (PpSnRK2A-D) (Umezawa et al., 2010; Takezawa et al., 2011) . The functions of PP2Cs in P. patens have been identified using the ppabi1a/b double-knockout mutant (Komatsu et al., 2013) . The ppabi1a/b mutant has a constitutive ABA-hypersensitive phenotype, demonstrating that both PP2Cs act as negative regulators of ABA signaling in P. patens as well as in angiosperms. In addition to ppabi1a/b, we used AR7, another type of ABA-responsive mutant that was isolated as an ABA-insensitive mutant from a mutant screen (Bhyan et al., 2012) . AR7 deficient in ARK (also called ANR) lacks many ABA responses, including ABA-responsive SnRK2 activation, gene expression, and desiccation and freezing tolerance (Saruhashi et al., 2015; Stevenson et al., 2016) . ARK encodes a Raf-like protein kinase that phosphorylates SnRK2 directly in vitro, suggesting that ARK acts as an upstream protein kinase to regulate the ABA-responsive activation of SnRK2 in P. patens (Saruhashi et al., 2015) .
Here, we took a phosphoproteomic approach and performed a comparative analysis among WT P. patens and ABA-responsive mutants, and between P. patens and Arabidopsis, to dissect the protein phosphorylation networks in P. patens ABA signaling, and discuss the evolution of the ABA signaling system in land plants.
RESULTS

Overview of P. patens phosphoproteomic data
In this study, WT P. patens and two ABA-responsive mutants were treated with ABA and used in the phosphoproteomic analysis. As shown in Figure 1 (a), exogenous ABA causes growth retardation associated with morphological changes leading to the formation of brood cells, the forms of vegetative reproduction, in WT protonemata. The ppabi1a/b protonemata show constitutive ABA-response morphology, whereas the AR7 protonemata show little changes after ABA treatment (Bhyan et al., 2012; Komatsu et al., 2013) . The ABA responses of both mutants were examined using an in-gel kinase assay to determine the ABA-activated protein kinases in P. patens (Figure 1b) . The ABA-activated protein kinase(s) were activated in response to ABA in WT and the ppabi1a/b mutant, but no activity was detected in AR7. These results are consistent with previous studies on ppabi1a/b and AR7 (Komatsu et al., 2013; Saruhashi et al., 2015) .
The WT and mutants were treated with 10 lM ABA for 0, 15, 30 and 90 min, with three independent biological replicates for the phosphoproteomic analysis. Tryptic digests of crude extracts from P. patens were subjected to hydroxyl acid-modified metal oxide chromatography (HAMMOC) to enrich the phosphopeptides, and were analyzed with an LC-MS/MS system. In total, 4630 phosphopeptides were detected in 1873 proteins, and 6444 phosphorylation sites were predicted (Table S1 ). Therefore, this study is comparable with a previous study in Arabidopsis, in which 5288 phosphopeptides were detected in 2204 proteins (Umezawa et al., 2013) . The ratios of the phosphorylated residues Ser, Thr and Tyr were 79.5, 16.9 and 3.6%, respectively (Figure S1 ), which were similar to the data for Arabidopsis.
We used a label-free phosphopeptide quantification method to detect the ABA responses in WT P. patens and to determine the ABA-responsive phosphopeptides. Each phosphopeptide was quantified using the peak area of the extracted ion current chromatogram, and each peak was manually checked for consistency between samples. After normalizing the quantitative data, we selected ABA-responsive phosphopeptides with greater than twofold change and with less than 0.5-fold change with P < 0.05 in response to ABA for at least one of the time points analyzed in WT P. patens. As a result, 143 and eight phosphopeptides were assigned to the upregulated and downregulated groups, respectively (Table S2) .
Comparative analysis between the WT and the ABAresponsive mutants As described above, ppabi1a/b is a disruptant of group-A PP2C, in which major ABA responses are constitutively activated. On the other hand, AR7 is an ABA-insensitive mutant, in which ABA signals are blocked. We expected that ABA-responsive protein phosphorylation would be upor downregulated in ppabi1a/b or AR7, respectively, based on their phenotypes. Consistent with their phenotypes, the phosphoproteome profiles greatly differed among the WT, ppabi1ab and AR7 plants (Figure 2a) . The phosphoproteomic data were surveyed to screen the phosphopeptides using the following criteria: (i) a greater than twofold increase in the phosphorylation level was observed in WT P. patens in response to treatment with ABA; (ii) a phosphorylation level of more than twofold that of the WT was observed in ppabi1a/b; and (iii) a phosphorylation level of less than half that of the WT was observed in AR7. The results are shown in Figure 2 (b). Criterion 1 extracted 143 ABA-responsive phosphopeptides; criteria 2 and 3 extracted 398 and 248 assigned to PpABI1A/B-and ARKdependent phosphopeptides, respectively. Among the 398 phosphopeptides in criterion 2, 23 peptides overlapped with criterion 1, indicating that many PpABI1A/B-dependent phosphopeptides were regulated in an ABA-independent manner. On the other hand, ARK-dependent phosphopeptides accounted for 88.1% of criterion-1 phosphopeptides, indicating that the ARK-mediated pathway is mainly involved in ABA signaling.
Some examples of phosphopeptides extracted using these criteria are shown in Figure 3 . For example, a Ca 2+ -binding protein was detected with a typical phosphorylation pattern that fits all criteria: an ABA response in the WT (criterion 1), and a significant increase and decrease in ppabi1a/b and AR7, respectively (criteria 2 and 3) (Figure 3a) . The phosphorylation patterns of some ABA signaling factor orthologs identified in higher plants also fit these criteria. For example, SnRK2, a central regulator of ABA signaling, was phosphorylated in response to ABA in WT and ppabi1a/b, and its phosphorylation level was downregulated in AR7 ( Figure 3b) . Notably, the SnRK2 phosphorylation level in ppabi1a/b remained upregulated in response to ABA, and this result is consistent with a previous study in which potential PpSnRK2s were activated in response to ABA in ppabi1a/b (Komatsu et al., 2013) . In contrast, the SnRK2 phosphorylation level was impaired in AR7, and other proteins, such as the ABRE-binding protein (AREB/ABF)-like bZIP protein, which showed a phosphorylation pattern similar to that of SnRK2 ( Figure 3c ). It is well known that AREB/ABFs are an SnRK2 substrate in Arabidopsis. The SnRK2-bZIP pathway is one of the major regulatory systems of ABA-responsive gene expression in higher plants (Yoshida et al., 2014) , and multiple sites of AREB/ABF-type bZIP proteins are phosphorylated in Oryza sativa (rice) and Arabidopsis (Kagaya et al., 2002; Furihata et al., 2006) . Our results detected several phosphopeptides from Phypa_38931 (Table S1 ), and one of these (NFGpSMNMDEFLK) was very similar to the phosphopeptide DFGpSMNMDELLK, which was observed in Arabidopsis AREB/ABF proteins (Umezawa et al., 2013) . This phosphorylation site is highly conserved between terrestrial plants ( Figure S2 ), and a mutational analysis confirmed that this site could be involved in the regulation of its transcriptional activity (Figure 4 ).
Another example is ARK, in which phosphopeptides containing Ser-1030 were detected (Table S1 ). They showed ABA-responsive phosphorylation in the WT, which was slightly downregulated in ppabi1a/b and non-existent in AR7 (Figure 3d ). Interestingly, the pattern was very similar to that of PpSnRK2B, supporting the hypothesis that ARK regulates SnRK2 activity in P. patens (Saruhashi et al., 2015) .
Classification of ABA-responsive phosphopeptides in P. patens
Protein kinases tend to favor a particular motif to phosphorylate. Therefore, amino acid sequences around phosphorylation sites can provide useful information for classifying phosphoproteins and predicting their signaling pathways. We conducted a motif analysis of our phosphoproteome data using the MOTIF-X program. Although various motifs were detected in our data, they were categorized into five motif groups as follows: group 1, [-pS/pT-G-] Table S3 ). Among them, group 2 had also been reported in Arabidopsis phosphoproteins; however, groups 1 and 3 had not been identified in Arabidopsis (Umezawa et al., 2013) .
Quantitative data for each motif group are shown in Figure 5(b) . The group-1 motifs were detected in phosphopeptides upregulated in response to ABA, upregulated in ppabi1a/b and downregulated in AR7. The group-2 and -3 motifs were not clearly regulated by PP2C and ARK, compared with group 1. Although the motifs of groups 1-3 were enriched in ABA-responsive phosphopeptides in the WT, no motifs were enriched statistically in the PP2C-dependent group, in which some of the acidic motifs were enriched (Figure 5c ). On the other hand, the motifs of groups 1 and 2 were enriched in the ARK-dependent group.
In vitro phosphorylation assay of ABA-responsive phosphopeptides As SnRK2 is a major protein kinase in ABA signaling, various SnRK2 substrates may be involved in the ABA-responsive phosphopeptides detected in this study. An in vitro phosphorylation assay was performed to confirm whether SnRK2 could phosphorylate the phosphopeptides selected in this study. We selected 15 phosphopeptides as potential SnRK2 substrates, and two peptides (numbers 4 and 7) that do not have an SnRK2 target motif [-K/R-x-x-pS/pT-] (Furihata et al., 2006; Umezawa et al., 2013) . A total of 17 proteins were used as substrates for the in vitro phosphorylation assay, with three P. patens SnRK2s and an Arabidopsis SnRK2 (SRK2E/OST1) ( Figure 6 ).
Our data demonstrated that 12 of the 15 selected peptides were phosphorylated by PpSnRK2s in vitro, confirming that our phosphoproteomic data involved some SnRK2 substrates. On the other hand, SRK2E/OST1 phosphorylated nine proteins. Peptide numbers 8, 11, 12 and 17 were more strongly phosphorylated by PpSnRK2s than by SRK2E/OST1. As expected, peptide numbers 4 and 7 were not phosphorylated by any SnRK2s.
DISCUSSION
Protein phosphorylation/dephosphorylation mediated by SnRK2 and PP2C is critical in ABA signaling; therefore, it is important to survey ABA-signaling phosphoproteins. Previous studies successfully identified a number of ABAresponsive phosphoproteins in Arabidopsis using phosphoproteomics (Umezawa et al., 2013; Wang et al., 2013) . Here, we took a similar approach to understand ABA signaling in P. patens, and detected 143 ABA-responsive phosphopeptides (92 genes) in WT and mutant P. patens ( Figure S1 ). Notably, among the 92 genes, only 13 genes were responsive to ABA in our previous transcriptome analysis (Saruhashi et al., 2015) , supporting the hypothesis that the results of the phosphoproteomics reflect a distinct (1) an abscisic acid (ABA) response was observed in P. patens WT (green); (2) the phosphorylation level in ppabi1a/b was more than twofold greater than that in the WT (blue); and (3) the phosphorylation level in AR7 was less than half that in the WT (yellow). Quantitative data of phosphopeptides were tested by Student's t-test (P < 0.05).
layer of intracellular regulation. We used these data in a comparative analysis to dissect ABA-dependent phosphosignaling in P. patens.
An SnRK2 disruptant was used in previous studies to elucidate SnRK2-dependent phosphosignaling in Arabidopsis (Umezawa et al., 2013; Wang et al., 2013) ; however, such a disruptant is not available in P. patens. Instead, the ABA-insensitive mutant AR7 was used in this study because ABA-responsive SnRK2 activation is mostly inhibited in the AR7 mutant (Saruhashi et al., 2015) . In the present study, a number of ABA-responsive phosphopeptides were drastically reduced in AR7 (Figure 2 ), indicating that approximately 88.1% of ABA-responsive phosphopeptides were involved in the ARK-mediated pathway. This is consistent with a previous transcriptome analysis, in which 89.5% of ABA-responsive transcripts were ARK dependent (Saruhashi et al., 2015) . We observed in vivo phosphorylation of PpSnRK2 at Ser-165 and Ser-169, located in the kinase activation loop (Table S1) , and phosphorylation at Ser-169 was inhibited in the AR7 mutant ( Figure 3b ). As this site was phosphorylated by ARK in vitro (Saruhashi et al., 2015) , our data supported the hypothesis that ARK regulates SnRK2 activity in P. patens. Previous studies suggested that these sites are required for activating SnRK2 in Arabidopsis (Belin et al., 2006; Umezawa et al., 2009) , and that these sites are highly conserved ( Figure S2 ).
In addition, an AREB/ABF-type bZIP protein (Phypa_38931) was phosphorylated in response to ABA, and was severely inhibited in AR7 (Figure 3c ). In Arabidopsis, AREB/ABFs are phosphorylated by SnRK2 in vivo, and induce ABA-responsive gene expression. The phosphorylation site is well conserved between P. patens and Arabidopsis, and phosphorylation could be involved in the transcriptional regulation of ABA-responsive genes in P. patens (Figure 4) . Thus, a similar type of transcriptional regulation could be conserved in ABA signaling of P. patens and Arabidopsis. Taken together, we conclude that at least part of the major ABA signaling system (e.g. the SnRK2-bZIP pathway) is well conserved in land plants.
Next, we considered the differences between P. patens and Arabidopsis. A significant number of ABA-responsive peptides in P. patens should be dependent on ARK (Figure 2) , and some motifs were found to be specific to P. patens ( Figure 5 ). Specifically, [-pS/pT-G-] was clearly regulated by PP2C or ARK (Figure 5b ), but it was not detected in Arabidopsis. This may suggest that phosphorylation motifs can be changed from bryophytes to angiosperms. Therefore, some additional protein kinase(s) and signaling cascade(s), besides SnRK2 or ARK, may be involved in ABA signaling in P. patens.
As described above, ARK was identified as a mutated gene in the AR7 mutant, and has been shown to regulate SnRK2 activity in P. patens (Saruhashi et al., 2015) . In our data, ARK was phosphorylated at Ser-1029 or Ser-1030, and the phosphorylation pattern was quite similar to that of PpSnRK2B (Figure 3b,d) , suggesting that ARK might be associated with SnRK2 in vivo. In other plants, however, ARK-like upstream protein kinase(s) of SnRK2 have not yet been identified, and Ser-1029 and Ser-1030 are not strongly conserved in ARK orthologs ( Figure S2 ). Therefore, it still remains unclear whether the ARK-mediated regulation of SnRK2 is conserved in higher plants. In Arabidopsis, two theories have been proposed for SnRK2 regulation. The first involves autophosphorylation (Fujii et al., 2009 ) and the second is a theory suggesting that an upstream kinase(s) exists (Boudsocq et al., 2007) . In either case, a functional analysis of ARK orthologs will be required to fully understand the SnRK2 activation mechanism(s) in higher plants.
We found several proteins for which the phosphorylation sites differed between P. patens and Arabidopsis. For example, the Ca
2+
-binding protein Pp1s218_100 (Phypa_144692) was phosphorylated in response to ABA in P. patens. Although the meaning of Pp1s218_100 phosphorylation is still unclear (Figure S4 ), its phosphorylation clearly depends on PpABI1 and ARK (Figure 3a) . Arabidopsis has an orthologous protein AtSCS that interacts with SnRK2 (Bucholc et al., 2011) ; however, the Pp1s218_100 phosphorylation site was not found in the equivalent position in AtSCS ( Figure S3 ). On the other hand, our previous phosphoproteomic analysis identified the SnRK2-substrate 1 (SNS1), which negatively regulates ABA signaling (Umezawa et al., 2013). P. patens has an ortholog of SNS1 (Phypa_121053), but the phosphorylation site was not found ( Figure S3b ) and a knockout mutant did not show a different ABA response ( Figure S5 ). These results suggest that ABA-responsive phosphoproteins may have changed during evolution.
Besides protein kinases, some differences in PP2C functions were observed in P. patens. PP2C negatively regulates ABA signaling by direct dephosphorylation of SnRK2 in higher plants (Umezawa et al., 2009; Vlad et al., 2009 ), but such regulation has not been supported in P. patens (Komatsu et al., 2013) . Our results also demonstrated that SnRK2 was phosphorylated in response to ABA even in the absence of PP2C. The phosphorylation level of PpSnRK2B was relatively low, even in the absence of PP2C (Figure 3b) . Furthermore, we could not detect any SnRK2-target motifs, e.g. et al., 2013), in a PP2C-dependent phosphopeptide group (Figure 5c ). Our data suggest that PP2C regulates a wide variety of proteins, and that some of them are involved in ABA signaling. From these results, we propose that P. patens PP2C works in a different manner from that in Arabidopsis, and that the plant PP2C evolved to regulate SnRK2 directly along with the evolution of land plants.
One of the objectives of this study was to elucidate how ABA signaling evolved in land plants; however, the many differences in the ABA response between P. patens and Arabidopsis make this difficult. For example, exogenous ABA induces drastic morphological changes, such as bubble-shaped brood cells in P. patens (Komatsu et al., 2009 ). In addition, bryophytes often exhibit high levels of dehydration tolerance, through which their cells survive nearly complete desiccation, whereas higher plants prevent the rapid water loss of tissues by the closure of stomata to develop drought tolerance (Werner et al., 1991; Frank et al., 2004; Charron and Quatrano, 2009; Charter et al., 2011) . This may indicate that bryophytes and angiosperms evolved independently over a long period of time (Shaw et al., 2011) .
Taken together, this study describes ABA-responsive phosphosignaling pathways in P. patens and proposed many ABA-responsive phosphoproteins. The comparative analysis suggested that the core ABA signaling pathway is partially conserved. Further studies will be required to find biologically important factors in the phosphoproteomic data, such as a biochemical analysis to examine proteinprotein interactions or in vitro phosphorylation, and a reverse-genetic analysis using P. patens or Arabidopsis. These analyses will provide new insight into the molecular mechanisms of the ABA responses in plants.
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EXPERIMENTAL PROCEDURES Plant material and protein extraction
Physcomitrella patens subspecies patens (Gransden) was used as the WT strain. Protonemal tissue from WT, ppabi1a/b and AR7 was grown on BCDAT medium at 25°C under continuous light (50-80 lmol m À2 s
À1
). (AE)-ABA (10 lM; Sigma-Aldrich, https:// www.sigmaaldrich.com) was added to the medium, and the tissues were harvested after 0, 15, 30 and 90 min. The samples were then stored at À80°C.
Total protein was extracted as described previously (Umezawa et al., 2013) . Plant samples were ground in liquid nitrogen and homogenized in extraction buffer containing HEPES (pH 7.5), 5 mM EDTA, 5 mM EGTA, 1 mM Na 3 VO 4 , 25 mM NaF, 50 mM b-glycerophosphate, 10% glycerol, 2 mM dithiothreitol and a proteinase inhibitor cocktail (Sigma-Aldrich). Crude extracts were prepared after the filtration and centrifugation of the homogenate. Aliquots of each sample were analyzed using an in-gel phosphorylation assay. Aliquots of the protein extracts (10-15 lg) were analyzed by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) that contained 0.5 mg ml À1 Histone III-S (Sigma-Aldrich) as a substrate. The in-gel phosphorylation reaction was performed as described by Umezawa et al. (2009) and Saruhashi et al. (2015) . The level of phosphorylation was determined by autoradiography.
Phosphoproteomic analysis
The phosphoproteomic analysis was conducted as described previously (Umezawa et al., 2013) . Aliquots containing 500 lg of total protein were digested with Lys-C, followed by tryptic digestion. Then, samples were desalted using StageTips and SDB-XC Empore TM disk membranes (3M, https://www.3m.com) and subjected to HAMMOC. Custom-made MOC tips made with C8-StageTips and TiO 2 bulk beads (Titansphere; GL Sciences, https://www. glsciences.com) were used in this study (Sugiyama et al., 2007) . The enriched phosphopeptide fractions were analyzed with LTQOrbitrap TM (ThermoFisher Scientific, https://www.thermofisher.c om), the UltiMate â 3000 RS nano-LC system (Dionex, now ThermoFisher Scientific) and HTC-PAL â autosampler instrumentation (CTC Analytics, https://www.ctc.ch). An analytical column was prepared by packing ReproSil â C18 material (3 lm; Dr Maisch GmbH, http://www.dr-maisch.com) into a self-pulled needle (150 mm length 9 100 lm inside diameter, 6 lm opening) with an injection volume of 5 ll and a flow rate of 500 nl min À1 . The mobile phases consisted of 0.5% acetic acid (A) and 0.5% acetic acid and 80% acetonitrile (B) in a three-step linear gradient of 5-10% B for 5 min, 10-40% B for 60 min, 40-100% B for 5 min and 100% B for 10 min. The mass spectrometry (MS) scan range had a mass/charge ratio (m/z) of 300-1400, and the top-10 precursor ions were selected for subsequent tandem mass spectrometry (MS/MS) scans.
After the liquid chromatography (LC)-MS analysis, the peptides were identified and the phospho-sites were predicted using a MAS-COT search (Matrix Science, http://www.matrixscience.com) against the PHYPA 1.2 data set (https://www.cosmoss.org). Each phosphopeptide was quantified by integrating the ion intensity in a survey MS scan based on the observed m/z of monoisotopic ions and a retention time. Peak integration was performed by Gaussian approximation of an extracted ion chromatogram within 5 mDa of the observed m/z using MASS NAVIGATOR 1.2 (Mitsui Software, Tokyo, Japan, https://www.mki.co.jp/). Quantitative data from each sample were normalized using the total peak area, and differences were analyzed for significance by Student's t-test (n = 3). All raw data files were deposited in the Japan Proteome Standard Repository/Database (jPOST; JPST000134, JPST000135 and JPST000136).
Ortholog search, motif analysis and gene ontology (GO) analysis
A list of orthologs was made using the reciprocal BLAST hit method (Moreno-Hagelsieb and Latimer, 2008) , and the list was used in the comparative analysis throughout this study. The motif analysis was conducted using the Motif-X algorithm (Chou and Schwartz, 2011) , as described previously (Umezawa et al., 2013) . The P. patens GO analysis was conducted using Arabidopsis GO annotation data obtained from the TAIR10 data set. Each P. patens gene was subjected to a BLAST search to find the top-hit Arabidopsis gene, and the Arabidopsis GO annotation was applied to P. patens genes.
In vitro phosphorylation assay
To confirm SnRK2-dependent phosphorylation, 17 phosphopeptides were selected (Table S4 ). In total, 33 amino acid sequences were selected from ABA-responsive phosphoproteins with a phosphorylation site near the center, and GST-fused proteins were prepared using pGEX4T-3 vector in Escherichia coli BL21 (DE3), as described previously (Umezawa et al., 2009 ). PpSnRK2B, PpSnRK2C, PpSnRK2D and AtSRK2E (OST1) were also prepared as GST-fused proteins. An in vitro phosphorylation assay was performed as described previously (Umezawa et al., 2009 ). SnRK2 and substrates were incubated in kinase reaction buffer containing Tris-HCl (pH 7.5), MgCl 2 , MnCl 2 , ATP and [c-32 P] ATP at 30°C for 30 min. Samples were subsequently separated by SDS-PAGE, and the level of phosphorylation was detected by autoradiography. The ABA-responsive phosphopeptides and SnRK2s were synthesized as bacterial recombinant GST-fused proteins. An in vitro phosphorylation assay was performed using SnRK2s (PpSnRK2B, PpSnRK2C, PpSnRK2D and SRK2E/OST1), and the following substrates: 1, Pp1s456_22; 2, Pp1s212_8; 3, Pp1s15_390; 4, Pp1s81_42; 5, Pp1s188_92; 6, Pp1s70_258; 7, Pp1s242_81; 8, Pp1s29_327; 9, Pp1s1_419; 10, Pp1s1_419; 11, Pp1s74_123; 12, Pp1s31_291; 13, Pp1s187_77; 14, Pp1s151_2; 15, Pp1s29_119; 16, Pp1s171_52; and 17, Pp1s131_107 . These peptides were selected from Table S1 , which contains a list of ABA-responsive phosphopeptides, except for numbers 4, 7, 9, 10 and 13. Following the in vitro reaction, the level of phosphorylation of each substrate was analyzed by autoradiography. Coomassie Brilliant Blue staining shows the quantity of each substrate. The dotted lines indicate different gels, although they were each exposed to the same imaging plate.
Functional analysis of phosphoproteins
A transactivation assay in P. patens protonemata was performed as previously described (Komatsu et al., 2009) in order to test the effects of phosphorylation of PpABI5A/B or PpCaBP1. The PpLEA1 gene promoter fused to GUS gene (PpLEA1-GUS) was used as a reporter construct, and PpABI5A/B or PpCaBP1 coding sequences driven by a rice actin promoter (Act-PpABI5 and Act-PpCaBP1) were used as effector constructs. P. patens protonemata were bombarded with PpLEA1-GUS and Ubi-LUC, with or without the corresponding effector constructs, using the PDS-1000He (BioRad, http://www.bio-rad.com). The bombarded protonemata were cultured with or without 10 lM ABA for 24 h. The extracted proteins from the protonemata were subjected to GUS and LUC assays. The promoter activities were evaluated by the GUS/LUC ratio.
To create a knockout line of PpSNS1, regions 2.1 kbp upstream and 2.5 kbp downstream of the open-reading frame (ORF) were amplified by PCR using KOD Plus Neo (Toyobo, http://www.toyob o-global.com), and cloned into p35S-loxP-HPT (Komatsu et al., 2013) . The transformation of P. patens protonemata was carried out by the polyethylene glycol method, as described before (Komatsu et al., 2009) . The gene targeting was confirmed by genomic PCR using the primers (Fwd, 5 0 -TGTGCAGCAGAA ACCCCGTGA-3 0 ; Rev, 5 0 -TGAACTTATCTTCTTCCTCTTTATCTCCT CAAG-3 0 ) for the ORF amplification, the primers (Fwd, 5 0 -TATGAT GATGAAAATGAACTCAACAATCTATGTGC-3 0 ; Rev, 5 0 -AATCTCCG GGGCAAAGGAGATCCTC-3 0 ) for 5 0 -recombination and the primer sets (Fwd, 5 0 -CCAGATCCCCGGGTACGATC-3 0 ; Rev, 5 0 -AATTGTGT CGTAACGTCCTCTTCATCT-3 0 ) for 3 0 -recombination.
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